Circulation Journal Official Journal of the Japanese Circulation Society http://www. j-circ.or.jp nderstanding age-associated changes of the cardiovascular system is important because these changes are an important precursor to cardiovascular disease. 1 Marked changes in left ventricular (LV) diastolic function are known to occur in normal, healthy, older people, 2,3 although the processes contributing to these changes are yet to be fully elucidated. The dynamic interaction of subendocardial and subepicardial fibers causes a twisting LV deformation during systole that leads to storage of potential energy. 4, 5 Subsequent rapid untwisting during isovolumic relaxation decreases LV pressure, which makes effective sucking of blood into the LV possible once the mitral valve opens. 6 However, conflicting data have been published on the changes in the untwist rate and, in particular, the peak diastolic untwisting velocity with ageing. [7] [8] [9] [10] In order to gain further insight into age-associated changes of LV diastolic function, the purpose of the current study was to investigate alterations in LV untwisting with ageing.
LV volumes using the modified biplane Simpson rule. LV mass was assessed using the 2-dimensional area-length method. 11 From the mitral-inflow pattern, the peak early (Ewave velocity) and late (A-wave velocity) filling velocities, E/A ratio and E-wave velocity deceleration time were measured. Tissue Doppler was applied end-expiratory in the pulsed-wave mode at the level of the inferoseptal side of the mitral annulus from the apical 4-chamber view to determine the peak early diastolic wave velocity of the septal mitral annulus (Em). To acquire the highest wall tissue velocities, the angle between the Doppler beam and the longitudinal motion of the investigated structure was adjusted to a minimal level. The spectral pulsed-wave Doppler velocity range was adjusted to obtain an appropriate scale. The timing of the beginning and ending of the isovolumic relaxation time was determined using pulsed wave Doppler. To optimize speckle-tracking echocardiography, images were obtained at a frame rate of 60-80 frames/s. Parasternal short-axis images at the LV basal level (showing the tips of the mitral valve leaflets) with the cross-section as circular as possible were obtained from the standard parasternal position, defined as the long-axis position in which the LV and aorta were most in-line with the mitral valve tips in the middle of the sector. To obtain a short-axis image at the LV apical level (just proximal to the level with end-systolic LV luminal obliteration) the transducer was positioned 1 or 2 intercostal spaces more caudal as previously described. 12 From each short-axis image, 3 consecutive end-expiratory cardiac cycles were acquired and transferred to a QLAB workstation (Philips) for off-line analysis.
Speckle Tracking Analysis
Analysis of the datasets was performed using QLAB Advanced Quantification Software version 6.0 (Philips), which was recently validated against magnetic resonance imaging for the assessment of LV twist by speckle-tracking echocardiography. 13 Speckles are natural acoustic markers that occur as small and bright elements in conventional gray-scale ultrasound images. The speckles are the result of constructive and destructive interference of ultrasound, back-scattered from structures smaller than a wavelength of ultrasound. 14 This gives each small area a rather unique speckled pattern that remains relatively constant from 1 frame to the next. Therefore, a suitable pattern-matching algorithm can identify the frame-to-frame displacement of the speckle pattern, allowing myocardial motion to be followed in 2 dimensions. To assess LV rotation, 6 tracking points of 2×2 mm were placed manually (after gain correction) on the mid-myocardium on an end-diastolic frame in each parasternal short-axis image. Tracking points were separated approximately 60° from each other and placed on 1 o'clock (30°, anteroseptal insertion into the LV of the right ventricle), 3 o'clock (90°), 5 o'clock (150°), 7 o'clock (210°), 9 o'clock (270°, inferoseptal insertion into the LV of the right ventricle) and 11 o'clock (330°) to fit the total LV circumference. After positioning the tracking points, the program tracked them on a frame-by-frame basis using a least-squares global affine transformation. The rotational component of this affine transformation was then used to generate rotational profiles.
Data were exported to a spreadsheet program (Excel, Microsoft Corporation, Redmond, WA, USA) to determine Alterations in LV Untwisting With Ageing Left ventricular peak systolic twist is increased in the higher age groups, so the comparable peak untwisting velocity and untwisting rate lead to delayed untwisting after 15% of diastole.
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LV peak systolic rotation during ejection, instantaneous LV peak systolic twist (defined as the maximal value of instantaneous apical systolic rotation−basal systolic rotation) and LV untwisting at 5%, 10%, 15% and 50% of diastole. The degree of untwisting was expressed as a percentage of the maximum systolic twist: untwisting=(peak systolic twist− twist at time t)/peak systolic twist×100%. Furthermore, peak diastolic de-rotation velocity and untwisting velocity, and the timing of these parameters were assessed. Normalized velocities were determined by correcting for peak systolic rotation or twist. The untwisting rate was defined as the mean diastolic untwisting velocity from peak systolic twist to mitral valve opening and calculated as: (twist at mitral valve opening−peak systolic twist)/time interval from peak systolic twist to mitral valve opening. To adjust for intra-and interpatient differences in heart rate, the time sequence of the systolic and diastolic events was normalized to a percentage of the systolic and diastolic duration, respectively. Endsystole was defined as the point of aortic valve closure. In each study, it was verified that the heart rate for the cardiac cycle in which the timing of aortic valve closure was assessed was the same as the cardiac cycle used for the analysis of untwisting.
Statistical Analysis
Measurements are shown as mean ± SD. Variables were compared using Student's t-test, ANOVA, or chi-squared test as appropriate. Linear regression analysis of LV untwisting parameters against age was performed. A multivariate linear regression model was used, including all investigated LV untwisting parameters and E-wave velocity, A-wave velocity, E/A ratio, Em, E/Em ratio and the isovolumic relaxation time, to look for independent relationships with age. A P-value <0.05 was considered statistically significant. Intraand interobserver variability for assessment of LV twist by speckle-tracking echocardiography in our center are 6%±6% and 9%±5%, respectively. 15 
Results

Characteristics of the Study Population
The clinical and echocardiographic characteristics of the study population are shown in Table 1 . Left atrial size was increased in the higher age groups (3.4±0.4 cm vs 3.6±0.5 cm vs 3.8±0.6 cm, P<0.001). Doppler measurements revealed that the E/A ratio (1.9±0.6 vs 1.4±0.2 vs 0.9±0.2, P<0.001) and Em septal velocity (11.5±2.5 cm/s vs 10.0±1.9 cm/s vs 6.7±1.4 cm/s, P<0.001) decreased, whereas the isovolumic relaxation time (64±12 ms vs 70±13 ms vs 86±12 ms, P< 0.001) increased with advancing age. Furthermore, the LV peak systolic twist was increased in the higher age groups (9.6±2.0° vs 11.0±3.2° vs 12.0±3.0°, P<0.05).
Relationship Between Ageing and LV Untwisting Parameters
Comparing the different age groups revealed a decrease in untwisting at 5% (26±24% vs 17±14% vs 8±6%), 10% (43± 26% vs 32±21% vs 20±10%), 15% (56±23% vs 43±21% vs 33±12%) and 50% (83±14% vs 74±12% vs 70±12%) of diastole in the higher age groups (all P<0.01) (Figure 1 , Table 2 ). Although the peak diastolic untwisting velocity and untwisting rate were not significantly different between the age groups, when normalized for LV peak systolic twist these parameters decreased with advancing age (-11±3 s -1 vs -9±3 s -1 vs -8±3 s -1 and -5.4±1.8 s -1 vs -4.0±1.6 s -1 vs -3.7± 1.3 s -1 , respectively, both P<0.01). The time-to-peak diastolic Figure 2 . Schematic left ventricular twist/untwist curves, based on averaged values of peak systolic twist, twist at aortic valve closure (AVC), mitral valve opening (MVO) and 5%, 10%, 15% and 50% of diastole in different age groups, highlighting the differences of the timing of peak untwisting velocity (arrows) and the comparable untwisting rate.
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untwisting velocity increased with ageing (12±9% vs 15±8% vs 21±9%, P<0.01) (Figure 2) . Linear regression analysis revealed a significant negative relationship between age and untwisting at 5% (R 2 =0.28), 10% (R 2 =0.36), 15% (R 2 =0.29) and 50% (R 2 =0.31) of diastole (all P<0.001), and a positive relationship between age and normalized peak diastolic untwisting velocity (R 2 =0.28, P<0.001), normalized untwisting rate (R 2 =0.24, P<0.01) and time-to-peak diastolic untwisting velocity (R 2 =0.19, P<0.05) (Figure 3) .
In a multivariate linear regression model, including conventional echocardiographic parameters, untwisting at 15% of diastole (β=0.439, P<0.05), normalized peak diastolic untwisting velocity (β=0.444, P<0.05), E/A ratio (β=0.559, P<0.01) and Em (β=0.507, P<0.01) were significantly related to age.
Relationship Between Conventional Echocardiographic Parameters of LV Diastolic Function to LV Untwisting Parameters
Linear regression analysis revealed that untwisting at 5%, 10%, 15% and 50% was positively related to the E-wave velocity, E/A ratio and Em, and negatively related to the Awave velocity and isovolumic relaxation time. The peak diastolic untwisting velocity and normalized peak diastolic untwisting velocity were negatively related to the E-wave Values represent coefficients of determination (R 2 ). Abbreviations as in Table 1 . E/Em ratio was not significantly related to any of the LV untwisting parameters. *P<0.01; **P<0.001.
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velocity and Em, and positively related to the isovolumic relaxation time. Time-to-peak diastolic untwisting velocity was negatively related to the E/A ratio and Em, and positively related to the isovolumic relaxation time, whereas the normalized untwisting rate was negatively related to the Em and E/A ratio ( Table 3) .
Mutual Relationships Between Systolic and Diastolic Rotation Parameters
After adjustment for age, the basal and apical peak diastolic de-rotation velocities were negatively related to the basal peak systolic rotation (R 2 =0.23, P<0.001) and apical peak systolic rotation (R 2 =0.38, P<0.001), respectively. The peak diastolic untwisting velocity was positively related to the basal peak systolic rotation (R 2 =0.21, P<0.001), and negatively related to the apical peak systolic rotation (R 2 =0.22, P<0.001) and peak systolic twist (R 2 =0.39, P<0.001), whereas the untwisting rate was only negatively related to the apical peak systolic rotation (R 2 =0.22, P<0.001) and peak systolic twist (R 2 =0.28, P<0.001) (Figure 4 ).
Discussion
Although there is a consensus that LV diastolic function declines with age, [16] [17] [18] [19] the exact mechanism of this decline is yet to be revealed. The most important findings of the current study are that, with advancing age, (1) the absolute peak diastolic untwisting velocity and untwisting rate are preserved, but (2) the relative (normalized for LV twist) peak diastolic untwisting velocity and untwisting rate are impaired and therefore (3) LV untwisting is delayed.
Influence of Ageing on LV Untwisting
Clockwise basal rotation and counterclockwise apical rotation lead to a twisting LV deformation. This LV twist originates from the dynamic interaction of oppositely oriented epicardial and endocardial myocardial fibers. 4 When both layers of fibers contract simultaneously, the larger radius of rotation for the outer epicardial layer results in epicardial fibers having a mechanical advantage and thereby dominating the overall direction of rotation. 20 Recently, an increase of LV twist with ageing, not only resulting from an increase in apical peak systolic rotation, but also from a decrease in rotational deformation delay, defined as the difference between the timing of LV basal and apical peak systolic rotation, was described by our group. 21 Besides the contribution of LV twist to LV ejection during systole, the potential energy stored in the twisted LV is rapidly released in early diastole, leading to swift recoil of the LV during isovolumic relaxation. Furthermore, still depolarized subendocardial fibers that are, in contrast to the systolic period, now not opposed by active contraction of the subepicardial fibers, may actively support this process. 22 This LV untwist generates expansion of the apex and the intraventricular pressure gradient that helps to fill the LV at a low pressure. 6 Myocardial diseases that result in diastolic dysfunction universally affect, although not always to the same degree, both relaxation and chamber stiffness. 23 Increased levels of myocardial fibrosis, leading to stiffness and thereby altered passive properties of the myocardial wall, have been identified in healthy elderly people. 24 However, LV twist increases with advancing age, probably because of subendocardial dysfunction. 9, 21, 25 The early diastolic release of increased potential energy stored during this augmented systolic twisting deformation may be the cause of the preserved peak diastolic untwisting velocity and untwisting rate with ageing found both in the current study and by Takeuchi et al. 9 Our findings of strong, age-independent relationships between LV peak systolic twist and peak diastolic untwisting velocity and untwisting rate support this hypothesis. Nevertheless, although the peak diastolic untwisting velocity and untwisting rate did not change significantly, with advancing age both parameters were impaired when normalized for the increased extent of LV twist. This resulted in a progressive delay in relative LV untwisting and in the time-to-peak diastolic untwisting velocity with ageing, also seen in a study by Zhang et al. 10 These findings may reflect the increased LV stiffness known to occur with ageing. 24 In addition, the same subendocardial dysfunction that is supposed to lead to increased peak systolic twist with ageing 9,21,25 may also lead to loss of the active part of untwisting normally caused by still depolarized subendocardial fibers in early diastole. Our finding of relatively reduced and delayed LV untwisting may help to explain the increased duration of isovolumic relax- Alterations in LV Untwisting With Ageing ation in the elderly. Because LV untwisting generates the LV pressure gradient that helps to fill the LV, 6 impediment of LV untwisting may lead to delayed generation of this pressure gradient, thereby delaying the opening of the mitral valve. This hypothesis is supported by our finding of significant correlations between LV untwisting parameters and the duration of the isovolumic relaxation time.
Clinical Implications
The prevalence of asymptomatic diastolic dysfunction in the general community is not insignificant, a finding noted in approximately 25-30% of individuals aged >45 years. 26, 27 Furthermore, by the 7 th decade of life, the incidence of heart failure with a preserved LV ejection fraction approaches, and by the 8 th decade of life exceeds that of heart failure with reduced LV ejection fraction. 28, 29 As our awareness of the profound adverse clinical consequences of overt diastolic dysfunction evolves, 30 the understanding of diastology has become increasingly relevant to the practice of medicine. The findings of the current study provide further insights into the changes of LV diastolic function with ageing.
Study Limitations
In previous speckle-tracking echocardiography studies, LV peak systolic twist in control subjects varied widely, from 9° in the study by Takeuchi et al 31 to 20° in the study by Tanaka et al. 32 Apart from the influence of age on LV twist and untwist, (measured) LV apical rotation and thereby LV twist and untwist, is significantly influenced by correct visualization of the true LV apex. 12 However, it seems reasonable to assume that acquisition of the true LV apex has been equally successful in the different age groups. In the near future, 3-dimensional speckle-tracking echocardiography might provide a definite solution for this limitation of 2-dimensional speckle-tracking echocardiography.
Conclusion
Impairment of the relative peak diastolic untwisting velocity and untwisting rate, resulting in delayed LV untwisting, may help to explain diastolic dysfunction in the elderly.
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